Four strains of maize streak virus, namely the Panicum maximum, Digitaria setigera and sugarcane strains, have been identified from 19 isolates by ELISA using polyclonal antisera cross-absorbed with particles of the maize strain. The results suggest there is an epitope of the maize strain which is not dependent on the capsid being intact and which is common to all the members of the group; other strain-specific epitopes are probably conformation-dependent. A specific epitope (probably internal) occurs on the coat protein of a maize strain isolate, D(R)D, grown in D. velutina, that is also present on the coat protein of the D. setigera (previously reported as D. sanguinalis) strain. Specific internal epitopes also occur in the coat proteins of sugarcane and P. maximum strains. The use of indirect ELISA was necessary for accurate serotyping. The serological reactivities of particles of all the members of each type were identical irrespective of the host from which they were extracted. Sap extracts proved to be more reliable sources of antigen than virus preparations, which could vary in their serological reactivity. Nevertheless, serological differentiation index values determined in tests using either type of antigen proved reliable and consistent.
Introduction
Maize streak virus (MSV) occurs naturally in many plants of the Gramineae throughout Africa (Storey & McClean, 1930; Rose, 1978) , Mauritius (Ricaud & F61ix, 1978) , R6union (Soto et al., 1982) , Vanuatu (Dollet et al., 1986) and possibly India (Seth et al., 1972) . The host range of MSV includes maize, other cereals and sugarcane making it an economically important pathogen (Damsteegt, 1983) . MSV is a geminivirus (Francki et al., 1985; Harrison 1985; Stanley, 1985) and has twinned quasi-isometric particles 20 to 30 nm in diameter containing a single-stranded DNA molecule of 2687 nucleotides (Mullineaux et al., 1984) . It is transmitted by several species in the leafhopper genus Cicadulina (Rose, 1978; Webb, 1987) . Other geminiviruses which are transmitted by leafhoppers and which infect monocotyledonous hosts such as chloris striate mosaic virus and wheat dwarf virus are reported to be serologically unrelated to MSV (Roberts et al., 1984) . Maize, sugarcane and grass strains together with host-adapted strains have been described (Storey & McClean, 1930; Bock, 1974; Bock et al., 1974; Ricaud & F61ix, 1978) , but the number of strains of MSV remains inconclusive. Bock et al. (1974) identified maize, sugarcane and panicum strains and Ricaud & F61ix (1978) identified maize, coix and sugarcane strains and concluded that the maize and coix strains were very closely related. Bock et al. (1974) and Ricaud & F61ix (1976) based their conclusions on symptoms and a gel diffusion test which we have previously found to be insufficiently sensitive . Rossel & Thottapilly (1984) reported that the Panicum maximum isolates were distinct from those in maize. Howarth & Vandemark (1989) used coat protein amino acid sequences to investigate relationships among geminiviruses, which included three maize streak virus isolates and the Digitaria setigera isolate; however, their approach was more appropriate for studying the phylogeny of geminiviruses rather than the differentiation of field isolates.
A previous study compared isolates from many countries in Africa, and from islands of the Indian and Pacific oceans, including one not transmitted by Cicadulina spp. . That study showed that they all belonged to a single virus type on the basis of serological tests (gel diffusion and ELISA) using a single polyclonal antiserum. This relationship was confirmed in reciprocal tests with semi-pure antigen using several polyclonal antisera .
Epitopes common to a severe Nigerian maize isolate, M(N)M, and other isolates were investigated using a panel of monoclonal antibodies raised against M(N)M . However, following these reports a number of anomalies still existed and the serotyping was incomplete. In the previous studies Pinner et al., 1988) In the previous studies utilizing polyclonal antisera, indirect antigen-coated plate (ACP) ELISA was used with semi-purified virus preparations used as the antigen. We considered it important here to examine other ELISA techniques to determine which method was most suitable for serotyping the MSV group and whether using plant sap as the antigen source makes a difference.
Methods
Code derivation. The origins and symptoms of all the MSV isolates have been described in detail and the same code designations are used here except in the case of the Burundi and Rwanda isolates. These isolates were previously reported as being in Setaria; however, the isolate from Burundi, D(B)D, is in Digitaria abyssinica, and the isolate from Rwanda, D(R)D, is in D. velutina. The code denotes the host in which the isolate was found, the country of origin in parentheses and the host in which the isolate was received. For example M(N)M indicates that it was found in maize, originated from Nigeria, and was received in maize. Isolates received in one host but transferred to another are given a code followed by the initial letter of that host, for example the Panicum isolate from Nigeria received in Panicum but transferred to maize is designated P(N)PM. A hyphenated designation is given when more than one isolate was received from the same country, e.g. P(K)P-M and P(K)P-B.
Transmission tests. Transmission of isolates was achieved using the natural vector C. mbila. Groups of approximately 100 insects were given an access acquisition period of 5 days on infected plants in cages 52 cm x 46 cmx 23 cm. The infected plants were then removed and replaced with healthy material. Infected plants were harvested 3 to 4 weeks later. Transmission tests were made using plants grown at 28 °C with a 16 h photoperiod provided by high-pressure sodium lamps.
Antiserum production. Polyclonal antisera were produced against a severe maize isolate from Nigeria, M(N)M~ a P. maximum isolate from Kenya, P(K)P-B, and the D. setigera isolate, D(V)D, from Vanuatu. Semi-purified virus preparations were used as immunogens . Rabbits were immunized initially with 0.5 ml of a semipurified virus preparation mixed with an equal volume of Freund's complete adjuvant injected intramuscularly into the hind legs. After a 3 week interval, a second injection was given using the antigen with incomplete adjuvant and a test bleed was taken 5 days later. Booster injections were given at various intervals and bleeds were taken 5 days after each injection. Each bleed was incubated at 37 °C for I h and then at 4 °C for l h before centrifugation at low speed for 20 min. The serum was decanted and made to 0-02% with sodium azide. Antisera were stored at -20 °C.
Conjugate preparation. IgG was purified from the anti-M(N)M serum and conjugated to alkaline phosphatase as described by Clark & Adams (1977) . Protein A-horseradish peroxidase conjugate was obtained from Sigma.
Preparation of immunoglobulin fragments. F(ab')z fragments were prepared from the anti-M(N)M serum by pepsin digestion of IgG as described by Campbell et al. (1970) .
Cross-absorption of antisera. Antisera raised against D(V)D and P(K)P-B were crossed-absorbed by adding (over 5 h) approximately 0-5 g of freeze-dried tissue from maize infected with M(N)M to 1 ml of antiserum diluted 1:1 in 0.15 M-NaCI, 0.3 mM-KCI, 0.01 M-Na2HPO4 and 1.5 mM-KH2PO4 pH 7.4 (phosphate-buffered saline, PBS). After centrifugation at 10000g for 10 rain, the solution was kept at -20 °C overnight, thawed, centrifuged again at 10000 g for 10 rain and then kept at -20 °C. Antiserum raised against M(N)M was cross-absorbed against healthy maize tissue in the same way.
ELISA tests. Direct double antibody sandwich (DAS) ELISA was performed as described by Clark & Adams (1977) . Virus preparations were diluted in PBS. Sap extract was prepared by triturating 0.1 to 0.2 g/ml tissue in PBS, 0.05 % Tween 20, 20 g/1 polyvinylpyrrolidone 40 and 2 g/1 ovalbumin and then centrifuged for 30 s at 10200 g. A Titertek Multiskan photometer was used to measure absorbance values at 405 nm and blanked against air.
Direct ACP ELISA was performed as for DAS ELISA except that the coating of the plate with IgG was omitted. Indirect ACP ELISA was carried out exactly as described by Pinner et al. (1988) . Indirect DAS F(ab')2 ELISA was carried out essentially as described by Barbara & Clark (1982) . Test samples were prepared as for direct DAS and reactions were stopped after 30 min at room temperature with 50 ~tl of 3 M-sulphuric acid. Absorbances were read at 450 nm.
Protein A antibody sandwich (PAS) ELISA was carried out as described by Edwards & Cooper (1985) . Reactions were stopped after 1 h at room temperature and absorbances were read at 450 nm.
Determination of serological differentiation index (SDI) values between MSV isolates.
The serological reactivity of each isolate was expressed by an SDI (Jaegle & Van Regenmortet, t985 ). Each isolate was tested in ELISA against twofold serial dilutions of antiserum. The SDI value for each isolate was calculated by comparing the average number of twofold dilution steps between samples of homologous and heterologous isolates that gave an absorbance value of 1.0 or, for cross-absorbed antiserum, of 0.5 (Jaegle & Van Regenmortel, 1985) . These chosen values were a minimum of three times the background value (Sutual et al., 1986) .
Polyacrylamide gel electrophoresis. PAGE was used as described by Laemmli (1970) and immunoblotting was as described by Towbin et al. (1979) . Each blot was reacted with a 1:1000 dilution of anti-M(N)M serum that had been previously cross-absorbed with healthy maize sap or with the homologous antiserum diluted 1:200.
Results

Comparison of ELISA methods and antigen source
In direct ACP and indirect ACP, partially purified virus preparations (preps) of all isolates gave distinct reactions with A values from bovine serum albumin (BSA) and buffer (PBS-T) of 0.1 (Table 1) . However a significant reaction to healthy sap proved unacceptably high and reactions were therefore regarded as non-specific.
Indirect DAS F(ab')2 and PAS ELISA resulted in a significant reaction or high cross-reactivity (SDI 1 to 3; Van Regenmortel & Von Wechmar, 1970) for all isolates using both sap and virus preparations as the antigen (Table 1) . Healthy sap samples gave A readings below 0-05 in tests using absorbed antisera. In tests using untreated antisera the mean A values ranged from 0.05 to 0.1 depending on which antiserum was used.
Direct DAS produced a significant reaction from all isolates and discriminated significantly between maize and grass isolates (Table 1) . However the reaction to healthy sap (mean A value 0.22 _+ 0.026 S.E.M.) was not as low as with the indirect methods and therefore the indirect methods were chosen for the identification of MSV strains.
Serological variability of virus preparations
Three semi-pure virus preparations of each of the isolates ' M(M)C and D(B)DM (isolates that produced the most variation in ELISA)were diluted 1:50, 1:100 and 1:200 in PBS pH 7.0 and their reactions against M(N)M whole antiserum were assessed by indirect ACP ELISA. Each virus preparation was also subjected to PAGE followed by immunoblotting.
Although each virus preparation was tested at its optimum concentration (the concentration at which no further increase in concentration of virus increased A values) their serological activities differed considerably. Fig. 1 shows virus preparations subjected to PAGE followed by immunoblotting. The preparations that reacted most strongly in ELISA also contained the greatest amount of coat protein as indicated by the intensity of reaction with a protein band corresponding to polypeptides with an Mr of 26900 and assumed to be coat protein. These tests confirmed that individual virus preparations varied in concentration despite careful standardization of procedure. There was no reaction to healthy sap which confirms the quality (specificity) of the antiserum. 
Identification of M S V strains
Polyclonal antisera raised against P(K)P-B and D(V)D were cross-absorbed with the M(N)M maize strain and tested against various isolates in PAS ELISA, indirect DAS and indirect ACP ELISA. Table 2 The maize and sugarcane isolates and the D(V)D isolate all reacted equally well against antiserum raised against the Panicum isolate P(K)P-B in indirect ACP ELISA. Other Panicum isolates P(N)P and P(K)P-M produced homologous reactions (SDI 0-0). Using the same antiserum in indirect DAS ELISA, homologous antigens reacted identically (SDI 0.0) but none of the other isolates reacted to this antiserum. The Panicum antiserum cross-absorbed with the maize strain did not react in indirect ACP with the maize isolates and the D. setigera isolate, but did react with the sugarcane isolates (SDI 3.0). Indirect DAS ELISA gave only a homologous reaction. PAS ELISA produced reactions similar to those obtained in indirect DAS ELISA.
Discussion
Our results showed that serological differences between virus isolates could be distinguished after cross-absorption of antisera despite the expected loss of homologous titre.
By a combination of ELISA tests, using whole and cross-absorbed (against the maize strain) polyclonal antisera we were able to identify and distinguish four distinct strains within the MSV group. We propose that they are the maize strain, the D. setigera strain, the P. maximum strain and the sugarcane strain. Our results agree with those of Bock et al. (1974) , Ricaud & F61ix (1976) and Rossel & Thottapilly (1984) and included isolates provided by these authors.
These tests also showed that the isolates behaved identically irrespective of their propagation hosts. This suggested that the original isolates were not mixtures of, serologically distinct isolates as previously implied by the data of Dekker et al. (1988) and Pinner et al. (1988) . We also conclude that those tests were made with suboptimal concentrations of virus preparations, whereas here we show the benefit of using sap with the appropriate ELISA test.
There was greater variability among isolates within the maize strain than among other strains, perhaps because more isolates were available for assay. Ten maize isolates were identical both serologically and symptomatologically . Two other isolates [D(R)D and M(N)M-M1] gave serological reactions identical to those of the 10 maize isolates but induced milder symptoms in maize . A third isolate [D(B)D] induced mild symptoms , formed distinctly different virus inclusions and was also consistently slightly different serologicatly. These results confirm and extend our earlier conclusions that symptoms alone are not diagnostic of strains . Because the other three strains reacted with an SDI value of 3 with the anti-M(N)M serum they are serologically in the MSV group.
All the isolates reacted with the anti-D(V)D serum in the heterologous tests which suggested that a common epitope was being recognized and that this epitope was a major one masking any specific reaction to D(V)D. Table 2 ). This indicated that there was at least one specific epitope in common with D(V)D. The epitope in question was assumed to be internal as the indirect DAS ELISA produced only a homologous reaction. Tests using anti-P(K)P-B (a P. maximum strain) serum showed that the common epitope was an internal one. When crossabsorbed with particles of the maize strain, this antiserum did not recognize the D. setigera strain or the maize strain, which suggested that D(V)D was more closely related to the maize strain than to the Panicum or sugarcane strains. However, recognition of the sugarcane strain suggested that there was both a common and a specific internal epitope being recognized on the coat protein of the sugarcane strain. As both the anti-D(V)D and anti-Panicum isolate cross-absorbed antisera produced only an homologous reaction in indirect DAS ELISA, the epitope being recognized was probably an external one as this method of ELISA detects intact virions.
The indirect ELISA procedures proved to be the most useful methods for serotyping the MSV isolates (Jaegle & Van Regenmortel, 1985; Clark & Barbara, 1987) . Not only were the background readings much reduced when compared to the direct procedures, the subsequent reactions were more consistent and applicable using infected sap as the antigen. The indirect DAS [F(ab')2] and PAS ELISA incorporate specific antibody binding sites to trap the antigen and work well with both sap and virus preparations. PAS ELISA has the advantage that specific F(ab')z fragments were not required. Virus preparations reacted well using the indirect ACP method by binding directly to the plate without interference from non-specific proteins. The use of sap extracts in both indirect and direct ACP ELISA resulted in very high background readings which suggested that non-specific proteins were binding to the plate and so masking any serological differences between healthy sap and infected sap, a problem previously described by Van Regenmortel & Burckard (1980) . We conclude from this comparison of ELISA methods that an indirect system advocated previously (Clark & Barbara, 1987) , but used less often, was necessary to avoid the steric interference and less consistent SDI values produced by the direct procedures as a result of using enzyme-labelled antiserum (Koenig, 1978) .
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